We present an image reconstruction technique for ultrasound-modulated optical tomography. It is the first time, to the authors' knowledge, that a reconstruction technique is developed for such tomography. In analogy to X-ray computed tomography, an ultrasonic beam is scanned linearly and angularly across a biological-tissue sample. Ultrasoundmodulated optical signals, reflecting the optical properties of the sample inside the ultrasonic column, are detected and taken as the projection data for the reconstruction, where a filtered back-projection algorithm is implemented. With the technique, two-dimensional images of biological tissues in cross-sections containing the scanned ultrasonic axis are obtained. The image resolution is determined by the diameter of the ultrasonic focal zone. The technique can be implemented with any standard signal-detection scheme for ultrasonic modulation of coherent light in scattering media and can be applied directly to achieve three-dimensional images of biological tissues.
INTRODUCTION
Taking advantage of optical contrast and ultrasonic resolution, ultrasound-modulated optical tomography [1] [2] [3] is an attractive technique in the biomedical optical imaging field. In this technique, an ultrasonic beam is focused into biological tissue to modulate the coherent light crossing over the ultrasonic beam in the tissue. Because ultrasound is scattered much less than light in biological tissue, it can provide good spatial information for imaging in the optical diffusion regime. By detecting the ultrasound-modulated light, the optical properties related to the ultrasound location inside the tissue can be derived. Poor optical resolution, resulting from strong optical scattering of biological tissues, is avoided. By scanning a sample or an ultrasonic beam, one-dimensional (1D) or two-dimensional (2D) images of a cross-section perpendicular to the ultrasonic axis can be obtained directly. To obtain an image of a cross-section containing the ultrasonic axis, Leveque-Fort 4 reported scanning of an ultrasonic beam axially; however, the resolution was poor because the axial dimension of the ultrasonic focal zone was quite long. Wang et al. 5 and Yao et al. 6 developed a technique called frequency-swept ultrasound-modulated optical tomography and achieved controllable spatial resolution along the ultrasonic axis; this method was further studied recently by Forget et al. 7 But so far, to the authors' knowledge, no reconstruction algorithms have been employed in ultrasound-modulated optical tomography.
In this paper, we report a novel imaging technique: ultrasound-modulated optical computed tomography (UMOCT). The technique was developed with inspiration from X-ray computed tomography (CT). In X-ray CT, through multiple linear and angular scans across a sample carried out with an X-ray source-detector pair, a crosssectional image of the sample is reconstructed from the detected X-ray intensities, which reflect the attenuation properties along the X-ray paths in the sample. In ultrasound-modulated optical tomography, ultrasound-modulated optical signals are generated in the volume that is occupied by the ultrasonic beam in the sample. Intensities of the ultrasound-modulated optical signals reflect the optical properties (optical absorption and scattering) in this volume. Motivated by the analogy with X-ray CT, we developed the UMOCT in which a filtered back-projection algorithm was applied to reconstruct images of cross-sections formed by the scanned ultrasonic axis. It should be noted that, in UMOCT, the scanning beam was an ultrasonic beam, and the signals to be detected were diffuse optical signals. Figure 1 shows a schematic of the experimental setup. Any signal-detection schemes used in conventional ultrasoundmodulated optical tomography, such as detection with a single detector or multiple detectors (i.e., parallel speckle detection 1, 3 or speckle contrast detection 8 ), can be employed in UMOCT. In this study, we adopted the parallel speckle detection scheme. The hardware and the extraction of ultrasound-modulated signals were similar to those in Ref. 3 . In Fig. 1 , a laboratory coordinate system is shown. The optical axis was along the y axis, and the ultrasonic axis was along the z axis. A laser beam of 690 nm in wavelength and 11 mW in power from a diode laser (Melles Griot, 56IMS667) was expanded to 20 mm in diameter to illuminate the sample perpendicularly. The intensity of the laser beam was modulated at the same frequency as the ultrasound. The coherence length of the laser was ~6 cm when it was modulated at 1 MHz. Ultrasonic waves, generated by a focused ultrasonic transducer (UltranLab, VHP100-1-R38) with a 38-mm focal length in water and a 1-MHz central response frequency, were coupled into the tissue sample through water in which the sample was partially immersed. The focal zone of the ultrasonic waves was 2 mm in diameter and 20 mm in length, in which the peak pressure was ~10 5 Pa. Speckle patterns generated by the scattered light from the tissue were detected by a 12-bit digital CCD camera (Dalsa, CA-D1-0256T) with 256×256 pixels. Ultrasoundmodulated optical signals were extracted from the speckle patterns. Two function generators (Stanford Research Systems DS345) were used, which shared the same time base to ensure synchronization. The CCD camera and the function generator that drove the transducer were controlled with a computer.
EXPERIMENTS
An experiment with a transmission-detection configuration, in which the CCD camera and the incident laser beam were on opposite sides of the sample, as well as an experiment with a reflection-detection configuration, in which the CCD camera and the incident laser beam were on the same side of the sample, were carried out. The UMOCT required relative linear and angular scans between the sample and the ultrasound. In the experiment, the position of the ultrasonic transducer was fixed. A sample holder was made to allow the sample to be rotated around the y axis by a rotational stage and to be linearly scanned along the x axis by a stepper motor. Figure 2 shows a cross-section of the sample on the xz plane, which has been rotated around the y axis by an angle φ from its original orientation. A new coordinate system (x'y'z') is set with the z' axis parallel to the ultrasonic beam. In the figure, the ultrasonic beam is located at a distance x' from the origin.
The detected ultrasound-modulated optical signal can be expressed as an integration of the signal coming from each segment along the z' axis
in the ultrasonic column: 
which is a Radon transform. The integrand can be expressed as 
where ω is the spatial frequency in the x' direction. The filtered back-projection was implemented with the following process: (a) filtering ) , ( ω φ S with a Ram-Lak filter ω , (b) inverse Fourier transforming the filtered signal, and (c) summing the result. The reconstructed image of the sample is expressed as
RESULTS
In the experiment, the step size of the linear scan along the x' axis was 1.2 mm. Biological tissue samples were used, which were made from chicken breast tissue. The object buried in background tissue samples was soft rubber or biological tissue, which had similar acoustic impedance as the background tissue and worked as optically absorbent objects. We first examined the technique in the transmission-detection configuration. Figure 2 (a) shows a photograph of a cross-section of a chicken-breast-tissue sample on the xz plane. A piece of soft rubber, which had a size of ~2×2.7 mm 2 on the xz plane, was buried at 4 mm below the sample surface. Figure 2(b) shows the reconstructed image, in which the buried object is clearly seen. The size and the orientation of the object in the image are in good agreement with the actual ones. 
z' z Rotation
The technique was also examined in the reflection-detection configuration. A chicken-breast-tissue sample was used, in which an object made from turkey muscle was buried ~9 mm deep in the y direction. The size of the object on the xz plane was ~4×3 mm 2 . Figure 3 shows 1D images across the center of the object along the x and z axes, Fig. 3 Experimental result in the reflection-detection configuration. 1D images across the center of an object made from turkey muscle along the x axis and z axis, respectively. The object was buried ~9 mm deep below the surface of a chicken-breast-tissue sample. respectively. We evaluated the resolution roughly with the width of the 10%-90% signal-intensity transition at the edge of the object. The widths in both of the directions were ~2 mm, which shows that the resolution in UMOCT is determined by the diameter of the ultrasonic focal zone (2 mm).
Since the reflection-detection configuration is a convenient configuration in medical imaging, the experiment implies that this technique is applicable to practical applications. In practice, it will be the ultrasonic transducer instead of the sample that will be rotated and linearly scanned. The speed of data acquisition can be improved by the use of an ultrasonic transducer array and parallel implementations.
This technique is shown to be another effective tool, in addition to frequency-swept ultrasound-modulated optical tomography, for obtaining spatial resolution along the ultrasonic axis. In frequency-swept ultrasound-modulated optical tomography, the axial resolution is determined by the frequency span of the chirp function. It has been recognized that there is a tradeoff between the resolution and the signal intensity. 6 And in that technique, an ultrasonic transducer with a broad bandwidth is required, which may not be efficient for ultrasonic modulation because of the tradeoff between transducer efficiency and bandwidth. In comparison, the resolution in UMOCT is determined by the diameter of the ultrasonic focal zone. A fine resolution can be achieved with sufficient signal intensities using a narrow-band highefficiency ultrasonic transducer.
The method of X-ray CT has been applied in the optical regime for several years. 9, 10 To the authors' knowledge, these applications have however been limited to ballistic-photon detection, i.e., ballistic imaging. Our experiments show that UMOCT extends the application of the method of X-ray CT to diffuse-light imaging with the aid of ultrasonic modulation.
CONCLUSTIONS
In summary, we developed a technique called ultrasound-modulated optical computed tomography and proved its feasibility experimentally in biological tissues in both optical transmission-and reflection-detection configurations. Clear images of biological tissues in cross-sections containing the scanned ultrasonic axis were obtained with a resolution of 2 mm, which was determined by the diameter of the ultrasonic focal zone. The technique can be implemented with any standard signal-detection scheme for ultrasonic modulation of coherent light in scattering media and can be applied directly to achieve three-dimensional images of biological tissues.
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